Climate change may cause increasing tree cover in boreal peatlands and the impacts of this 17 encroachment will be noted first at forested-to-open bog ecotones. We investigate key metrics of 18 ecosystem function in five such ecotones at a peatland complex in Western Siberia. Stratigraphic 19 analysis of three cores from one of these transects shows that the ecotone has been dynamic over time 20 with evidence for recent expansion of forested peatland. We observed that the two alternative states 21 for northern boreal peatlands (forested/open) clearly support distinct plant and microbial communities. 22
Although peatlands cover less than 3% of the earth's land surface they store the equivalent of half the 30 carbon that is in the atmosphere as CO2 (Dise, 2009 ). Peatlands develop due to an imbalance between 31 primary production and decomposition, with anoxic, acidic and nutrient-poor conditions leading to the 32 accumulation of carbon as peat (Clymo, 1978) . The global peatland carbon pool is currently estimated at 1 612 GtC (Yu, 2011) pluses of tree colonisation coinciding with drier climatic conditions. Modelling studies predict that the 14 current mosaic structure of peatland and boreal forest will alter in response to warming (Soja et al., 15 2007 ). Over the 20 th 2013; Ohlson et al., 2001 ). Yet the degree to which the physical and chemical environment differs under 26 field conditions is not well known. Likewise, the physical and chemical thresholds which determine tree 27 cover on peatlands are poorly understood (Ohlson et al., 2001 ). Studies have found forested peatlands 28 to be strong sinks for carbon (Flanagan and Syed, 2011; Gažovič et al., 2013) , but when comparing the 29 carbon balance of forested peatland against nearby open peatland Strilesky and Humphreys (2012) 30 found the carbon sink to be reduced by 30% with the presence of trees. Ecosystem respiration increases 31 with tree cover in peatlands (Golovatskaya and Dyukarev, 2008; Golovatskaya et al., 2011; Hartshorn et 32 al., 2003) . In addition litterbag studies have suggested more rapid decomposition in the surface 33 environment of forested peatlands compared to open peatlands, due to warmer and drier conditions 34 (Koronatova, 2007) . Whether higher respiration and decay rates translates to a difference in carbon 35 accumulation rate is less clear. Golovatskaya & Dyukarev (2008) Peteet, 2000) . This ecotone forms a critical transition 1 zone for peatland biota and biogeochemistry but the environmental and ecological transitions which 2 occur across this zone have been surprisingly little studied either spatially or temporally. Here we focus 3 on the forested-to-open bog ecotones at a peatland complex in Western Siberia. We first consider 4 spatial differences in ecological and environmental parameters which occur along transects across these 5 ecotones. We assess: i) biodiversity at two trophic levels, ii) key physical and chemical variables which 6 may both influence, and be influenced by, biotic change, iii) porewater aquatic carbon as one key 7 component of the peatland carbon cycle. We pair this spatial survey with a down-core assessment of 8 change at one of these ecotones through the Holocene. In doing so we aim to characterise the structure 9 of the ecotone, assess the differences between forested and open peatlands, assess how the ecotone 10 has changed over time and provide a baseline for future reassessments. 11
Methods 12

Study region and site 13
Western Siberia has the most extensive area of wetland in the world, 2.80 million km 2 (Peregon et al., 14 2009 ) and may contain as much as 40% of global peatlands (Walter, 1977 The region has a continental subarctic climate with average monthly temperatures ranging from -20 ° C 2 in January to 17 ° C in July with annual precipitation of 500 mm (Filippova and Bulyonkova, 2013 ) were extracted from the same locations as the plant samples. Samples were 33 prepared by soaking in water and the material was washed through a sieve (250µm) to remove plant 34 and coarse particulate matter; the fine-sieving process used in some studies was omitted to avoid the 35 loss of small taxa (Payne, 2009 ). The filtrate was allowed to stand overnight to concentrate the tests. for dry bulk density, loss on ignition and carbon content and a second sample for botanical composition. 14 Sub-samples of known volume were dried at 105°C, weighed and one sub-sample incinerated at 550°C 15 and re-weighed (Chambers et al., 2011). The second sub-sample was ground and C, H and N contents 16 determined using an elemental analyser (Eurovector EA 3000, Yugra state University). The samples for 17 botanical composition were disaggregated in water and inspected under low-power microscopy at 20-40 18 -x resolution. Dominant species were identified and peat assigned to one of forty stratigraphic units (see 19 results). The abundance of fine, degraded unidentifiable organic matter (UOM) was determined on a 20
percentage scale using a grid graticule and used as an index of decomposition. 21
Data analyses 22
In presenting the data the mid-point of the ecotone (visually identified in the field based on vegetation 23 change) is given a value of 0, positive numbers represent points towards the open bog end of the 24 transect and negative numbers the forested end of the transect. To allow easy representation of change 25 along transects we summarised the testate amoeba and plant community data using first axis scores 26 from an NMDS ordination of all samples using Bray-Curtis dissimilarity (Bray and Curtis, 1957). To test 27
for correlations among variables we used Spearman Rank correlation coefficients. We tested for 28 differences in all variables either side of these ecotones using repeated measures analysis of variance 29 (RM-ANOVA) to account for the multiple-transect sampling structure. To test whether change in each 30 variable was maximised at the observed ecotone or whether there were consistent spatial off-sets, we 31 applied non-parametric change-point analysis (nCPA: : (Qian et al., 2003) 
Physical and chemical data 4
Both water table depth (WTD) and surface bulk density showed strong differences across the ecotones. 5 Water tables in the forested bog were considerably deeper (2.2 times the mean) and the surface peat 6 was considerably denser (1.9 times the mean) with both differences highly significant (Table 1; bulk  7 density P=0.003; WTD P=0.013). In both cases there was some scatter in change point locations due to 8 variability between and within transects ( Figure 2 ). Particularly notable was the secondary peak in water 9 Electrical conductivity and pH were not significantly different across transects when tested using RM-5 ANOVA (Table 1) but were found to be significantly correlated with tree cover (Table 2 ), pH decreasing 6 and conductivity increasing with greater tree cover. E4:E6 ratios were found to show no association with 7 position along the transects or with tree cover. 
6
There were strong correlations between many of the variables considered along the transects (Table 2 ). 7
Tree basal stem area was significantly correlated with all variables with the exception of plant diversity 8 (species richness and H) and E4:E6 ratio. Plant community composition summarised by NMDS1 scores 9 was similarly significantly correlated with all variables with the exception of plant species richness and 10 E4:E6 ratio. Strong positive correlations were identified between tree stem area and plant community 11 (Rs=0.80) and testate amoeba community (Rs=0.84) and between DOC concentration and electrical 12 conductivity (Rs=0.85). 13
Vegetation 14
Tree cover, unsurprisingly, show abrupt change between forested and open bog. The tree basal stem 15 area data (Figure 4) show that the forest is primarily dominated by P. sylvestris and both conifer species 16 more-or-less abruptly disappeared at the ecotone with just a few small and scattered trees continuing 17 subsequently amongst vegetation dominated by open bog species. The difference either side of the 18 ecotone was highly significant (P=0.004, Table 1 ). There was little discernible difference in response 19 between the two tree species with both declining at similar locations. The positions of the ecotones 20 judged in the field generally aligned closely with those assessed by nCPA with only two exceptions 21
where there was a drop in basal area prior to the ecotone. Figure 1A) . Both the point measurements every 1 m 9 and the quadrat measurements every 5 m showed abrupt changes at or adjacent to the field-assessed 10 ecotone in most transects. Exceptions were primarily in transect one where the presence of a ridge with 11 trees made the transition more complex, and transect five where the change was more gradual. The 12 difference between community composition either side of the ecotone was significant (P=0.04, Table 1 ). 13 There was a general trend towards lower plant species richness in the open bog, particularly apparent in 14 the point measurements ( Figure 5 ). Similar trends were apparent when considering Shannon diversity, 15 which incorporates evenness as well as species numbers ( Figure 5 ). However in both of these cases 16 differences across the ecotone were non-significant and nCPA change-points diverged considerably from 1 the observed ecotones with considerable scatter apparent ( Figure 5 ). 
1
Testate amoebae 2
Overall, the testate amoeba community was found to be relatively diverse with 60 taxa identified from 3 the twenty nine samples (Supplementary Figure 1b) . The assemblage was primarily composed of taxa 4 frequently recorded in Eurasian peatlands. The most abundant taxa in descending order were: Assulina 5 muscorum (16% of all tests), Trinema lineare (10.4% of all tests). Photomicrographs of some of these 6 taxa are shown (Supplementary Figure 3) . Trends along transects were highly apparent in the testate 7 amoeba data. 
17
Stratigraphy: Macrofossil composition 18
At the base of all three cores were clay sediments overlain by layers rich in wood macrofossils. In the 19 core from the forested end of the transect, the dominant macrofossil component through the majority 20 of the core was Sphagnum fuscum with a minor component of ericoid shrubs. From 90-130 cm there 21 was a shift to a community with a greater abundance of Eriophorum spp., and from 90-120 cm 22 Sphagnum angustifolium. Above this phase the dominance of S. fuscum was resumed with the only 23 really notable further change being the brief presence of S. subsecundum from 40-60 cm. 24 
14
The core from the ecotone was considerably more variable. From the top of the basal clays sediments to 1 280 cm there was a progressive shift from woody peat to peat rich in macrofossil remains of Carex 2 followed in turn by an abrupt shift to peat dominated by Eriophorum. A brief phase with abundant 3
Scheuchzeria was followed by a more prolonged phase dominated by S. fuscum. 
Stratigraphy: Peat properties 16
Across all three cores bulk density averaged 0.22 g cm -3 , carbon content 47.7%, nitrogen content 1.17% 17 and hydrogen content 5.61%. Bulk density increased down the cores but the trend was relatively gradual 18 until a sharp transition to higher bulk density wood peat and clay sediments at the base of all the cores. 19 Bulk density was higher in the forested core (0.271 g cm ) then the open bog core (0.181 g cm -3 ). Bulk density was not determined for the 21 uppermost 50 cm due to the difficulty in accurately sampling very undecomposed fresh peat. Carbon 22 content showed relatively little trend down the cores with the exception of the transition to low-carbon 23 clay rich sediment at the base of all three cores. Trends for hydrogen content were similar. Nitrogen 24 content showed the most-down core variability but percentages were low and therefore analytical error 25 more significant. In the forested core nitrogen content was greatest from 70-130 cm in the forested core 26 which overlaps with a phases of increased Eriophorum abundance in the macrofossil stratigraphy, this is 27 not apparent in the others cores. For the open and ecotone cores nitrogen content peaks at 260-320 cm 28 which is associated with a phase of Scheuchzeria palustris in the macrofossil stratigraphy. Compared to 29 the global averages calculated by our results suggest that carbon content of the peat in our study site is 30 relatively typical while bulk density is towards the higher end of the global range. 31
In all the cores there was a down-core trend of increasing peat decomposition reflected in the 32 abundance of degraded organic matter (Figure 7 ). In the forested core there was a phase of more 33 decomposed peat from 70-130 cm and a similar, but less pronounced, phase at similar depths was also 34 apparent in the open bog core. In the open bog and the ecotone core the increase in decomposition 35 with depth was relatively gradual, whereas in the forested core there was a sharp increase towards the 36 base of the core. Our data suggest that if climate change leads to increasing tree cover in boreal peatlands peatland biota 3 and biogeochemistry will be substantially altered. Even across the short spatial distances we considered 4
here there were large differences in key variables controlling the structure and functioning of the 5 peatland ecosystem. Tree cover was, significantly and often strongly correlated with the biotic, physical 6 and chemical variables measured here with the only exception being plant diversity and E4:E6 ratios. taxa with typically larger apertures, suggesting larger prey sizes. Our additional environmental data 6 provide some indications as to the drivers behind these differences. The strongest correlates with 7 testate amoeba communities are tree cover, plant communities, water table depth and bulk density 8 ( Table 2 ). The correlation with tree cover and plant communities is likely to partly reflect light availability 9 for mixotrophic amoebae but it is clear that mixotrophic taxa are not the only taxa which differ along 10 the transects. Other linkages may include bacterial prey affected by root exudates and the presence of 11 conifer-root associated mycorrhizal fungi. Mycorrhizas may be consumed by testate amoebae but 12 testate amoeba shells may also provide a food source for mycorrhizas (Vohník et al., 2011) . The 13 influence of water table on testate amoebae is well-documented and both this and bulk density are 14 likely to influence the ability of amoebae to move and feed. After adjustment for pH, electrical conductivity of peatland water was higher at the forested ends of the 25 transect indicating there may be more water soluble nutrients in the forested peat. 26
The high E4/E6 ratio of porewater DOC would indicate that the lower concentration of DOC and DIC 27 values at the open end of the transects may be due to lower plant productivity. As our data are 28 concentrations rather than fluxes, it is difficult to draw firm conclusions on the effect of tree cover 29 change on DOC export. However, the increase in DOC concentration for forested peat demonstrates it is 30 possible that increasing tree cover could lead to increasing aquatic carbon export from boreal peatlands. 31
Whether this is the case or not will also depend also on the effect of trees on catchment discharge 32 which is complex (Waddington et al., 2015) . Increased evaporative losses due to interception and 33 transpiration must be weighed against changes to surface evaporation driven by light penetration and 34 canopy resistance, with the resulting change in the water balance dependent on the vegetation 35 structure of the site along with climatic variables (Waddington et al., 2015) . For example the net effect 36 of tree cover on total evaporation, including transpiration, in forested bogs may be greater in drought 37
years, but lower under normal conditions (Heijmans et al., 2013 The stratigraphic analysis of three cores clearly suggests that there has been dynamism in the position of 4 the ecotone through the Holocene and as such there is need for a longer-term perspective on the 5 vegetation of these sites. Wood macrofossils were rarely preserved above the base of all the cores. 6
However there were clear changes between assemblages which at the site today are typically associated 7 with tree cover (notably, abundance of S. fuscum) and those with taxa more typical of open peatlands. 8
For instance, although the core from the forested end of the transect was dominated by S. fuscum for 9 most of its history, the phase with S. angustifolium and Eriophorum is strongly suggestive of open 10 peatland. In the core from the open bog end of the transect S. fuscum was abundant during several 11 phases (particularly 220-240 cm) which may well have seen sufficiently dry conditions for trees to be 12 present. As expected, the core from the ecotone shows high-frequency variability in assemblage, The dynamism clearly seen in tree cover for Western Siberia contrasts for instance with the apparent 10 stability seen in some lower latitude peatlands of Eastern Quebec (Pellerin and Lavoie, 2003 Bragazza, L., Buttler, A., Habermacher, J., Brancaleoni, L., Gerdol, R., Fritze, H., Hanajík, P., Laiho, R., 12 Johnson 
